We report the rationallised design of aluminium initiators and their application for ROP of rac-lactide (rac-LA). Very minor change to the ligand backbone (imine reduction) to give secondary amines was found to have a dramatic effect on activity and selectivity with isotactic PLA being realised.
There is a significant range of aluminium initiators reported for the ROP of rac-LA to afford polylactide (PLA). Aluminium is attractive as it is a highly abundant metal. Initiators based on aluminium are often reported to exert some degree of stereocontrol over the polymerisation of rac-LA with there being cases of both isotactic and heterotactic preference in the literature, 1 it is however difficult to predict or rationalise the selectivity. While such polymerisations are well controlled in terms of polymer architecture and weight properties, they often suffer from slow rates with many hours to several days required in solution and even melt polymerisations. A challenge for the ROP of rac-LA is the preparation of isotactic stereoblock PLA under industrially relevant conditions and determining the initiator structure activity relationships. Other metal centres that are active for the production of isotactic PLA include Zr(IV), 2 Hf(IV), 1l 2b 2d Y(III), 3 In(III), 4 Zn(II) 5 and lanthanides. 6 Nomura et al. 1e, f In one study, the identity of two key positions upon the ligand (substituents ortho to the phenoxy and the aliphatic backbone) are varied. 1f The achiral salen complexes screened generally showed isotactic preference (Pm > 0.69) and solution reactions time varied from 0.4 to 72 hours depending on the nature of the substituents. In particular, excellent stereocontrol was realised with t BuMe2Si ortho groups and this was largely maintained at high temperatures ( In this work, a series of related salan complexes based on 2aminopiperidine are reported. Reduction of the imine functionality of the salalen structure afforded a secondary amine salan and subsequent methylation at this position further yields a tertiary amine based salan (Scheme 1). Important for industrial applications, the salan ligands are colourless consequently affording colourless complexes and white polymer. Ligands 1-2H2 are prepared via a simple three step synthesis which is achievable on a multigram scale within a day. All ligands have been characterised by 1 H and 13 C{ 1 H} NMR spectroscopy as well as ESI-MS. The initial complexation of 1-3H2 with AlMe3 (Scheme 2) afforded complexes each with 4 distinct species in solution. It is postulated that these species are a consequence of the inherent stereochemistry of the ligand and the new stereocentres that form upon complexation; the 2 nd position of the aminopiperidine ring is stereogenic and derived from a racemic reagent while the bonding of both the nitrogen centres to the metal centre also generates two further points of chirality. Thus, there are potential diastereomers present in solution. A similar observation was made for Al(A-B)Me for which there are two stereocentres on complexation and two species observed in solution. 7 Further to the previous work, the Me has been exchanged with -OBn to form Al(A)OBn which was characterised as a single diastereomer by 1 H NMR analysis. Solid state analysis shows the wrapping of the imino ligand around the aluminium centre to be analogous to the Al(A)Me complex with the trigonal bipyramidal geometry maintained ( = 0.72), (Scheme 3, Table 1 ). For Al(1/2)Me, no suitable crystals were generated for X-ray crystallography, however, for Al (3)Me, a solid state structure was obtained and this revealed the complex structure to be similar to that of the parent imine complex with a pentacoordinate aluminium centre ( = 0.64). The exchange of the aluminium methyl group for an alkoxide moiety also allows for the isolation of well-defined salan species, Al(1/2)O i Pr (Scheme 2). In solution, the 1 H NMR spectrum displays four aromatic resonances and one isopropoxide septet. These complexes were purified by recrystallisation and the corresponding solid state structure was shown to be subtly different to Al(A)OBn/Al (3)Me (Figure 1); while the trigonal bipyramidal aluminium centre is maintained the wrapping of the ligand around the metal is different . This is illustrated by the respective decrease/increase of the Al-Np/Al-N bonds and an increase/decrease in the Al-O(1)/AlO(2) bonds relative to the parent imine complex. These changes are consistent with the exchange of axial-equatorial position within the trigonal bipyramidal geometry. The cause of this is thought to be due to a weak interaction between the nitrogen hydrogen and isopropoxide oxygen which, in this conformation, occupy the same plane and while not at the optimum angle for hydrogen bonding are in close proximity (N-H…O=2.227 Å). From structural studies the complexes with ligands 1/2H2 afford different coordination modes than either imine or 3H2 (Scheme 3). Polymerisations were carried out with lactide purified only by recrystallisation to mimic industrially favoured conditions. It can be immediately seen that the activity of complexes prepared from salans 1/2H2 are markedly improved relative to the corresponding salalen complexes. Solution polymerisations (Table 2) reach reasonable conversion and molecular weight after hours rather than the several days (Entry 1 vs. entry 3/4).
For the aluminium complex of 1H2, both the methyl and isopropoxide species were trialled with the former having benzyl alcohol added as co-initiator. Encouragingly, very similar results are observed in terms of polymer weight and stereocontrol suggesting that the active alkoxide structure of the two initiators is likely to be identical. As for the imino forms, all initiators prepared in this study demonstrate predictable molecular weights and narrow distributions further highlighting the controlled nature of the polymerisation. The initiators based on 1H2 demonstrate an increased isotactic bias (Pm ~ 0.8) relative to AH2 based initiators with white polymers resulting from the polymerisations. Interestingly, polymerisations in toluene at 80 °C afforded slightly less stereocontrol compared to some of the solvent free reactions ( Table 3 ) at higher temperatures. For the salan complexes based on 2H2, the increase in initiator activity is more pronounced with high conversion being attained within one hour. The tacticity imparted from these complexes is slightly isotactic which again is more pronounced for solvent free polymerisations. The Nmethylated salan complex Al(3)Me, was also trialled for the ROP of rac-LA. While the polymerisation appeared well controlled, the activity and stereocontrol of the initiator was found to be comparable to that of the salalen Al(A)Me, with days being required to reach a reasonable conversion of LA. This result indicates it is likely the rearrangement of the ligand around the metal centre that accounts for the increased activity Al(1/2)O i Pr which have different coordination motifs to Al(A/3)Me. We believe that this is due to the weak interaction between the NH moiety and the oxygen of the alkoxide. (Figure 2 and ESI). The apparent rate constants, kapp, were found to be 0.37 and 2.7 hr -1 for Al(1)O i Pr and Al(2)O i Pr respectively (Tol, 80 °C, 100:1); evidently, the shorter reaction timescale allows for differentiation between the rates of Al(1/2)O i Pr and the increased activity for Al(2)O i Pr is attributed to the reduced steric hindrance offered by the dimethyl phenol moiety. The rate constant for the polymerisation of Al(1)O i Pr with L-lactide as also evaluated and found to be 0.58 hr -1 (Figure 2 , Table 2 , entry 5). NMR spectroscopy showed no evidence of epimerisation for the polymerisation of L-LA. The relative kinetics for the polymerisation of rac-or L-LA allows for the estimation of tacticity; the Pm value from this kinetic perspective is found to be 0.78 which is in accord with that found for the solution polymerisation via NMR spectroscopy. DSC analysis of the polymer prepared at room temperature (Table 2, entry 6) reveals a Tm = 177°C, further highlighting the isotactic bias of Al(1)O i Pr. The mechanistic pathway is unclear due to the use of a racemic ligand. Neither chain end mediated nor enantiomorphic mediated polymerisation can be ruled out and neither can a polymeryl exchange mechanism be discounted; such an exchange has been invoked for Al(III) complexes and could be potentially in operation for form stereoblocks and reduce the overall isotacticity. 1g,1i,1n To assess the applicability of these initiators, further polymerisations of Al(1/2)O i Pr were performed. Under standard solvent free conditions (130 °C, 300:1) the activity and control of these initiators is maintained ( Table 3 , entries 1/8). At this temperature, an increase in monomer-to-initiator ratio (900:1) is tolerated with minimal reduction of selectivity and molecular weight control and relatively small increase in reaction time. Higher temperature solvent free reactions (150 and 180 °C) were also found to be successful. Generally, higher conversion is achieved more rapidly and control is not [6] [7] [13] [14] . The resultant molecular weight demonstrates these initiators ability to facilitate molecular weight and tacticity control under extremely challenging conditions although it is noted that 5 hours at 180 °C (Table 3 , entry 7) does cause a deterioration in molecular weight suggesting a stability limit for Al(1)O i Pr. In conclusion we have shown how altering the coordination geometry of simple salans around Al(III) can have dramatic consequences in terms of activity and selectivity. We wish to thank the EPSRC for funding the CDT at Bath (EP/G03768X/1) and Purac for the donation of lactide. For full experimental details see ESI and http://doi.org/10.15125/BATH-00220 for the data.
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